Abstract. To elucidate the mechanism of vectonal translocation of bile acids in the liver, taurocholate transport was studied in isolated liver canalicular membrane vesicles by a rapid filtration method. The membrane vesicles revealed temperature-dependent, Na'-independent transport oftaurocholate into an osmotically reactive intravesicular space. In the absence of sodium, taurocholate uptake followed saturation kinetics (apparent Km for taurocholate = 43 IAM and Vmax = 0.22 nmol/mg protein X 20 s at 370C) and was inhibited by cholate and probenecid. Transstimulation by unlabeled taurocholate was also demonstrated. When the electrical potential difference across the membranes was altered by anion replacement, a more positive intravesicular potential stimulated, and a more negative potential inhibited, transport oftaurocholate by the vesicles. Valinomycin-induced K+-diffusion potential (vesicle inside-positive) enhanced the rate of taurocholate uptake that was not altered by imposed pH gradients.
Introduction
Vectorial transport of organic anion, such as bile acids and bilirubin, is an important liver function. Hepatic secretion of bile acids involves uptake at the sinusoidal plasma membranes, intracellular interaction with cytoplasmic proteins, and translocation across the canalicular membranes. To elucidate the molecular mechanism of hepatic vectorial transport, events in the plasma membrane must be differentiated from intracellular processes. Previous studies (1, 2) reported isolation of highly purified rat liver sinusoidal and canalicular membrane vesicles. The presence of an Na+-taurocholate cotransport system was demonstrated in sinusoidal membrane vesicles (1, 3, 4) ; however, the mechanism of bile acid transport across canalicular membranes is not defined.
The present work reports the mechanism of taurocholate transport by isolated rat liver canalicular membrane vesicles. The results provide evidence for a potential-sensitive Na+-independent taurocholate transport system. Part of these results were reported in a preliminary form (5) .
Methods
Materials. 3H-labeled taurocholic acid and D-glucose were obtained from New England Nuclear, Boston, MA. Ouabain, disodium adenosinetriphosphate, p-nitrophenylphosphate, NADH, y-glutamyl-p-nitroanilide, cholic acid, taurocholic acid, and probenecid were purchased from Sigma Chemical Co., St. Louis, MO. All reagents were of analytical grade.
Rat liver canalicular membrane vesicles. Canalicular plasma membrane vesicles were prepared from livers of male Sprague-Dawley rats by differential centrifugation, nitrogen cavitation, and calcium precipitation as described previously (2) . The membranes were enriched at least 55-fold in aminopeptidase M and -y-glutamyltransferase as compared with crude homogenate; no significant enrichment of intracellular organelles was observed. Na+,K+-ATPase, a marker of sinusoidal plasma membranes (6), was enriched 2.5-fold. By electron microscopy, membrane samples consisted exclusively of vesicles with no detectable contaminating organelles or junctional complexes. Isolated vesicles were suspended in 10 mM Hepes-Tris buffer, pH 7.4, which contained 0.25 M sucrose and 0.2 mM CaCI2, and stored in small portions (-3 mg of membrane protein/ml) at -70'C. Storage of membranes at -70'C for 3 mo did not alter transport properties for taurocholate. Assays for marker enzymes and membrane proteins were performed as described (1).
Transport. Transport of 3H-labeled taurocholate was measured by a rapid filtration technique (7) . Unless otherwise indicated, the assay mixtures contained, in a final volume of 0.15 ml, 10 mM Hepes-Tris buffer, pH 7. canalicular membrane vesicles is shown in Fig. 1 . Taurocholate uptake was enhanced at 370C, and was higher in a sodium gradient than in a potassium gradient (inside-outside). After incubation for 20-60 min, uptake reached equilibrium. The initial rate of uptake at 0°C was slow either in an Na+ or K+ gradient and equilibrium was not reached after 60 min of incubation. This temperature dependence provides evidence that the early period of uptake represents transmembrane transport of taurocholate rather than binding to the outer surface of the vesicles. Further proof for this assumption was provided when the effect ofincreasing the amount oftaurocholate in the washing solution on the uptake was investigated (Fig. 2) . Even at the highest concentration of taurocholate used, only 15% of uptake observed after 30 min could be replaced under conditions where vesicles' integrity, as shown by D-glucose content, was undisturbed; 15% is almost identical to the amount of taurocholate taken up at 0°C and probably represents binding to the outside of the vesicular membranes. Fig. 2 also shows experiments in which vesicles were opened up by heat inactivation; 3H-labeled taurocholate binding to the membrane fraction was easily reduced by adding unlabeled taurocholate in the washing solution, suggesting that the canalicular membrane vesicles have binding sites for taurocholate, the majority of which are inside the vesicles. The presence of these binding sites was also evident when osmotic dependence of taurocholate and D-glucose uptake were compared (Fig. 3) cholate translocation, the effect ofartificially imposed membrane potential difference on the transport activity was studied using the anion replacement method (Fig. 6 ). In the presence of a potassium gradient (K+ inside, K+ outside), replacement of C1-by a more permeant anion, NO3-, decreased the initial rate of taurocholate uptake. When a less permeant anion, SO4--, was used instead of Cl-, the rate of uptake increased, indicating transport of taurocholate as an anion without simultaneous symport of a cation or antiport of an anion. Further evidence for this assumption was obtained from experiments applying a valinomycin-induced K+-diffusion potential. As shown in Fig. 7 , treatment ofvesicles with valinomycin increased the rate of taurocholate by the vesicles. The intravesicular space of the membranes remained unchanged (1 Ml/ mg protein) after valinomycin treatment as measured with radioactive D-glucose (data not shown). These results reveal a specific effect of valinomycin-induced K+-diffusion potential (vesicle inside-positive) rather than nonspecific increase in membrane permeability for small molecular weight components due to membrane perturbation by the ionophore. Thus, taurocholate can be translocated across the canalicular membranes as an anion by a sodium-independent transport system. mannitol (o). Uptake was measured at 370C. Other conditions were the same as in Fig. 1 Interestingly, a similar difference in the inhibitory effect of probenecid is observed with the renal transtubular transport system for weak organic acids (I 1). The transport system for p-aminohippuric acid in renal basolateral plasma membranes is more sensitive to probenecid than that in tubular lumenal membranes.
The reason for such difference in the inhibitory action of probenecid in the two topographically different plasma membrane domains is not known. A third difference between the transport properties of the sinusoidal and canalicular membranes is their response to changes in the electrical potential difference across the vesicle membrane. In the sinusoidal membrane, intravesicular negativity stimulates sodium-taurocholate cotransport, while sodium-independent transport in the canalicular membrane is inhibited. In addition, intravesicular positivity inhibits transport in the sinusoidal membranes but stimulates transport in canalicular membranes. It is apparent that different transport systems operate in the two membranes. Taurocholate uptake by canalicular membrane vesicles is slightly higher in an Na+ gradient than in a K+ gradient (Fig. 1) . Although the membrane fractions were highly enriched with marker enzymes ofcanalicular membranes (at least 55-fold), Na+,K+-ATPase, a marker of sinusoidal membranes, was also enriched 2.5-fold as compared with crude homogenate (2) . The small amount of sodium-dependent uptake of taurocholate by canalicular membranes may reflect contamination by sinusoidal membranes. This possibility should be studied further in canalicular membrane vesicles that are completely free from contaminating sinusoidal membranes.
The present and previous studies (1) demonstrate the mechanism of vectorial transport of taurocholate in the liver. Uptake across the sinusoidal membrane occurs predominantly by a sodium-dependent transport system that is driven by the transmembrane sodium gradient and the cellular electrical potential difference (inside-negative). At the canalicular membrane, taurocholate leaves the cell by a sodium-independent transport system; the driving force for cellular exit is the electrical potential difference that favors efflux of taurocholate anion from hepatocytes (2, 4) .
